ABSTRACT -We hypothesize that iodine allergy is an immune response to iodinated autologous proteins generated in vivo from iodine-containing organic and inorganic chemicals. In this report, effects of protein iodination on elicitogenic activity in guinea pig iodine allergy model and iodinated protein antigen generation in vitro from iodine-containing chemicals were investigated.
INTRODUCTION
It has generally been thought that iodine allergy is cross-sensitive to various iodine-containing chemicals. This concept, however, seems to deviate from the immunological principle that immune recognition is specific. Therefore, we hypothesize that iodine allergy is an immunological reaction to iodinated autologous proteins generated in vivo from various iodine-containing chemicals.
In the previous paper, we reported that the antigen recognition of antibodies obtained from guinea pigs immunized with iodine was specific to diiodophenyl moiety of tyrosine residues and not cross-reactive to any of the inorganic and organic iodine-containing chemicals except compounds containing diiodophenyl moiety in the molecules. Therefore, we proposed that the results supported our hypothesis regarding antigen recognition of anti-iodine antibodies.
The present report deals with the eliciting protein antigens of iodine allergy in a guinea pig iodine allergy model, mainly the effects of iodination of protein on provocative activity and protein iodination by organic and inorganic iodine containing chemicals in vitro.
Preparation of iodinated proteins
To determine the effect of the degree of iodination on the provocation of iodine allergy, four proteins, BSA, GSA, HSA, and OVA, were iodinated as follows. Each protein was dissolved in phosphate buffer saline (PBS; pH7.2, Nissui Pharm., Tokyo, Japan) and sterilized by passing through a membrane filter. The protein concentration was adjusted to 1 mg/ml. Iodine-potassium iodide solution (10 µl each) at concentrations of 0, 0.0015, 0.005, 0.015, 0.05, and 0.15 M I 2 was added to 1 ml of each of the protein solutions in a glass test tube and incubated at 37°C overnight. For all four kinds of protein, solutions that were reacted with 0.15 M iodine solution remained slightly brown; minute amounts of 0.1 N sodium thiosulfate solution were then added to the tube to inactivate iodine.
Preparation of iodinated peritoneal cells
Guinea pigs were injected intraperitoneally with 20 ml of liquid paraffin. After 4 days, peritoneal exudate cells (PECs) were harvested from the peritoneal cavity by washing with Hanks' balanced salt solution containing 10 U/ml heparin. After the PECs were washed three times with PBS, 2% paraformaldehyde solution freshly prepared in PBS was added to an equal volume of 2×10 7 /ml PEC suspension and the mixture was allowed to stand in a water bath at 37°C for 5 min.
Then, one-fifth volume of 6% glycylglycine in PBS was added to the mixture and the cells were washed three times with PBS. Aliquots of 10 -40 µl of iodine solutions at 0.05, 0.15, and 0.5 M I 2 were added to 1 ml of 2×10 7 cells/ml paraformaldehyde-fixed PECs in PBS and the cell suspensions were shaken in a water bath at 37°C for 30 min. Excess iodine was reduced by adding ascorbic acid solution and washed three times with PBS. The final cell concentration was adjusted to 1×10 7 cells/ml.
Immunization of guinea pigs with iodine
Animal handling for all the procedures such as injections and bleedings was performed under pentobarbital sodium anesthesia. Iodine solution (4 or 8 mg/ ml; I 2 : KI = 1.265:2.50, W/W) was emulsified with an equal volume of complete Freund's adjuvant (CFA; Difco, Detroit, MI, USA). The emulsion was injected subcutaneously at a total volume of 0.5 ml (0.125 ml per site at four separate positions) into the flank of the guinea pigs at intervals of 2 weeks.
Active cutaneous anaphylaxis (ACA) test
Guinea pigs immunized with iodine were shaved on the back one day before the test day and injected intravenously with 0.5 ml of 2% Evans blue solution and then challenged by intradermal injection of various amounts of test compounds in 0.1 ml solution. The animals were sacrificed under anesthesia by bleeding 30 min after the challenge and the blue spot diameters were measured from inside the skin.
Delayed-type hypersensitivity (DTH) reactions
The abdominal regions of guinea pigs previously immunized 3 times with iodine were shaved with an electric clipper and intradermally injected with a volume of 0.1 ml containing 1×10 6 iodinated PECs. Diameters of areas of erythema at the injected sites were measured 24 hr after the injection.
Estimation of iodine
Quantitative assay of iodine was performed by estimating the optical density (OD) at 570 nm (UV-260 spectrophotometer; Shimazu, Kyoto, Japan) of the violet color developed by iodine-starch reaction. A calibration curve was made with iodine-potassium iodide solution as a standard.
Photo-activation by UV light and X-ray irradiation of inorganic and organic iodine-containing compounds
A germicidal lamp Toshiba, Tokyo, Vol. 29 No. 2 Japan) was used for UV irradiation. X-ray irradiation was performed using a model MBR-1505R X-ray machine (Hitachi-Medico, Hitachi, Japan). The dose of X-ray irradiation was measured using a Victron model 500 electrometer (Cleveland, OH, USA). X-ray irradiation of samples was performed as follows: A preparation of iodocontrast media was diluted twofold with purified water. One mM solution of potassium iodide in purified water was prepared. GSA was added to the solution at final concentrations of 10 µg/ml or 100 µg/ml. After pH adjustment to 6.5 or 7.2, an aliquot of 10 ml of the mixture was poured into a glass dish of 40 mm diameter and 15 mm depth and subjected to X-ray irradiation while being stirred with a magnetic stirrer. Before assaying iodinated GSA by a sandwich ELISA, contrast media were removed from the irradiated samples using an ultrafiltration tube (Ultrafree C3TK, Pharmacia, Uppsala, Sweden).
ELISA of iodinated guinea pig serum albumin
ELISA of iodinated protein was performed by a sandwich method using affinity-purified guinea pig anti-iodine antibody. Antisera obtained from guinea pigs immunized 5 times with iodine (see MATERIALS AND METHODS) were pooled and passed through a 7-ml immunoadsorbent column prepared by coupling I-GSA 9.5 to CNBr-activated Sepharose 4B (Pharmacia, Uppsala, Sweden). The bound antibodies were eluted with 0.1 M glycine-HCl buffer, pH 2.5, and dialyzed against PBS. Biotinylation of affinity-purified antibody was performed using biotinamidoarbocaproate-N-hydroxysuccinimide ester (Sigma) and the solution was then used as a second antibody for the ELISA sandwich method. Microtiter plates were coated with the affinity-purified guinea pig anti-iodine antibody at 100 µg/ml in coating buffer pH 9.5. After blocking the unoccupied plastic sites with BSA, 50 µl of samples diluted with PBS containing 1% BSA, 0.05% Tween 20, and 3% sodium chloride was added to each well. The plates were then incubated for 1 hr at 37°C and washed. After sequential incubation with biotinylated second antibody solution (100 µg/ml) and streptoavidin-conjugated horseradish peroxidase (Life Technologies, Gaithersburg, MD, USA) and, substrate solution containing 2,2'-azino-di(3-ethylbenzthiazoline-6-sulfonic acid) and hydrogen peroxide (BioRad, Richmond, CA, USA), oxalic acid solution was then added to each well to stop the color development. The absorbance at 415 nm was measured by a model 3550 microplate reader (BioRad), and a quantitative enzyme immunoassay using a computer program (BioRad Microplate Manager Curve Fit Report) was performed. Each sample was assayed in duplicate. A calibration curve of iodinated protein was made using I-GSA 7.2 as a standard.
RESULTS

Effect of protein iodination on the provocation activities of experimental iodine allergy
The amount of iodine that reacted to proteins to provoke an immediate-type allergic reaction in guinea pigs was studied. Guinea pigs were immunized three times with iodine and active cutaneous anaphylaxis reactions were induced by an intradermal injection of 0.1 ml of a solution containing 10 µg of iodinated protein. The amounts of iodine added to 1 mg of protein are shown in Table 1 . Provocation of iodine allergy was observed at 0.15 µM, i.e. 38.1 µg and above, for 1 mg of each of all four proteins: BSA, GSA, HSA, and OVA.
The amount of iodine required for PECs to provoke a delayed-type skin reaction was also studied. Guinea pigs immunized three times with iodine were challenged with an intradermal injection of 1×10 6 iodinated PECs and the diameters of the areas of erythema at the site of the injection were measured 24 hr later. The amount of iodine necessary to provoke a delayedtype allergy reaction was 0.075 µM, i.e. 19.1 µg, for 1×10 6 PECs (Table 2) . I-GSA and iodine-containing contrast media did not provoke DTH response (Data not shown).
Generation of iodine and iodinated protein from potassium iodide and iodinated contrast media by photo-energy
Chemical reactions of many types, e.g. synthesis, decomposition and oxidation, can be brought about by exposure to light of a suitable wave-length (Glasstone, 1954) . We studied the effects of UV light and X-ray irradiation on the generation of molecular iodine (I 2 ) or iodinated proteins from iodochemicals such as potassium iodide and iodinated contrast media.
Potassium iodide (KI) in itself, as well as other iodide salts, is not active to react with proteins. Iodide ions (I − ) in the salt are to be oxidized to I 2 , which reacts with proteins. The effects of UV irradiation of KI solution or sodium iotalamate preparation on I 2 generation were studied. In the first experiment, 5 ml each of a 1% solution of soluble starch was added to equal volumes of 10 mM KI solution and sodium iotalamate preparation and the mixtures were irradiated by UV light at 0.013 mW/cm 2 (UV radiometer Topcon UVR-1, Topcon, Tokyo, Japan) in a plastic dish (Falcon 3002) of 6 cm diameter under magnetic stirring. The results are shown in Table 3 . After 14 min of UV light irradiation of the KI/starch solution, 48 µM I 2 was produced; 12 hr UV irradiation of the sodium iotalamate/starch solution resulted in 38 µM I 2 . The violet color disappeared when BSA was added, confirming the presence of I 2 .
The same experiment was undertaken using a non-ionic contrast medium, iohexol. No color development was observed in the presence of iohexol after 12 hr exposure to UV light under the same experimental conditions. However, after some trials, we found that iohexol also generated 26 µM I 2 after 48 hr irradiation at pH 6.5. Thus, we deduced that the generation of I 2 from I − is pH-dependent. Accordingly, I 2 generation from KI in 0.1 M phosphate buffer solutions at pH 6.5 and pH 7.2 was studied. As shown in Fig. 1 , the amounts of I 2 generated were greater at pH 6.5 than at pH 7.2, the difference indicating that the spontaneous reduction reaction of I 2 to I − took place more readily at pH 7.2 than at pH 6.5.
The next experiment was designed to study the effects of X-ray irradiation of potassium iodide solution and iodine-containing contrast media in the presence of protein.
Comparative studies on the formation of iodinated protein from sodium iotalamate and GSA at pH 6.5 and pH 7.2 showed that the amounts of iodinated protein generated after irradiation of 7,500 R were 9 µg/ml and 4.2 µg/ml, respectively (Table 4) , which was similar to the results of iodine generation from iodide under UV irradiation when the amounts of iodine generated were greater at pH 6.5 than at pH 7.2. Accord- Table 1 . Amount of iodine required for giving provocative activity of iodine allergy to various proteins assessed by active cutaneous anaphylaxis in guinea pigs immunized with iodine. ingly, kinetic studies on protein iodination by X-ray irradiation of iotalamate were then performed at pH 6.5. The amounts of iodinated protein generated are shown in Fig. 2 . X-ray dose-related generation was observed at doses of 300 R and above. There is a linear dependency for the generation of iodinated protein generation to the dose of photo-energy; therefore, the column of iodinated protein generated by unit irradiation is provided in Table 4 .
Comparing protein iodination induced by nonionic contrast medium, iohexol, with that induced by the ionic contrast medium, sodium iotalamate, as shown in Table 4 , indicated that the non-ionic contrast medium was much more resistant to protein iodination by X-ray irradiation as in the case of UV irradiation. Rate of iodinated protein synthesis of iohexol expressed by concentration (pg/ml) of iodinated protein per unit irradiation (R) per iodine content (mg/ml) was one-sixth of that of sodium iotalamate.
In order to confirm the involvement of oxidation in the generation of iodinated protein, the effects of the reducing agents, i.e. ascorbic acid, gultathione, Nacetyl-L-cysteine and sodium thiosulfate, were studied. Each of the four reducing agents was added to a twofold-diluted sodium iotalamate preparation at final concentrations of 0 (control), 0.01, 0.1, and 1 mM in the presence of 10 µg/ml GSA, pH 7.2. The X-ray dose was 7500 R. The amount of iodinated GSA generated in the control sample was 4.6 µg/ml. The partial inhibition of iodinated protein formation was observed in the presence of any of the reducing agents at a concentration of 0.1 mM. However, there was no detectable (minimum detectable level was 0.1 µg/ml) iodinated GSA in the samples in which any of the reducing Table 3 . Generation of molecular iodine from potassium iodide and iodocontrast media by UV irradiation. mM KI in purified water solution, 400 mg iodine /ml preparation of sodium iotalamate and 350 mg iodine/ml preparation of iohexol were added to equal volumes of 1% soluble starch in purified water. The solution of iohexol was divided into two parts and one of those was adjusted pH to 6.5 with 1 M KH2PO4 before UV irradiation. *: not detected. **:not calculated.
Iodinated contrast
Condition of X-ray Iodinated Rate of iodinated protein media irradiation protein generation per R produced (Iodine content/ml) pH X-ray dose (R) (µg/ml) (ng/ml/R) (pg/ml/R/mg iodine) Sodium iotalamate 6.5 7,500 9 agents were added at 1 mM (Table 5) .
It is noteworthy that the iodinated proteins assayed by the sandwich method using anti-diiodotyrosyl residue antibody are of valency greater than 2, and thus are thought to be able to elicit an allergic reaction. Fig. 1 . Generation of molecular iodine from potassium iodide solutions by UV light irradiation. A 4 ml aliquot of 1 mM potassium iodide in 0.1 M phosphate buffer (pH 6.5 or pH 7.2) was added to 1 ml of 1% soluble starch and irradiated by UV light in a glass dish of 4 cm diameter with magnetic stirring.
Fig. 2.
Protein iodination by X-ray irradiation of sodium iotalamate or potassium iodide in the presence of protein. Guinea pig serum albumin was added to a final concentration of 10 µg/ml to each sodium iotalamate preparation (200 mg of iodine content per ml) and 1 mM solution of potassium iodide and the pH adjusted to pH 6.5. X-ray was irradiated at doses of 100, 300, 1000, 3000, or 10000 R for sodium iotalamate and 100, 1000 and 10000 R for potassium iodide. Sodium iotalamate was diluted twofold with purified water or each anti-oxidant solution and GSA was added to a final concentration of 10 µg/ml. The mixtures were irradiated with X-ray at dose of 7500 R. *:ND; not detected.
DISCUSSION
Iodine allergy was provoked by each of the four proteins (BSA, GSA, HSA and OVA) iodinated with 0.15 µM (i.e., 38.1 µg) but not 0.05 µM I 2 for 1 mg of protein. The formation of diiodotyrosine residues involves the consumption of two molecules of I 2 per mole of tyrosine residue. It is known that any molecule requires at least two antigenic determinants to elicit immediate-type allergy. Therefore, at least four molecules of I 2 are required to elicit iodine allergy. As the molecular weight of HSA is 67KDa, the minimum iodine requirement for HSA to elicit iodine allergy is theoretically: 4 mol I 2 /67 000 ×1000 mg of HSA = 0.06 µM I 2 /mg protein.
Thus, it is logical that the addition of 0.05 µM I 2 / mg of HSA resulted in no iodine allergy, as shown in Table 1 .
Protein iodination reactions take place at both the tyrosine and histidine residues of protein molecules. However, iodination of protein occurs preferentially at tyrosine residues (Covelli and Wolff, 1966) . Moreover, diiodotyrosine formation occurs after significant numbers of monoiodotyrosine residues were produced (Covelli and Wolff, 1966) . HSA contains 16 histidine residues and 18 tyrosine residues. Therefore, 68 mol I 2 /67 000 ×1000 mg of HSA = 1.02 µM I 2 /mg protein is theoretically required to make all histidine and tyrosine residues to diido-ones. Despite this, the addition of 0.15 µM I 2 per mg of HSA resulted in multiple diiodotyrosine residues per molecule of the protein showed that specific tyrosine residues in the protein molecule were iodinated. Furthermore, iodination of protein gave albumins an immunological cross-reactivity beyond the species specificity of albumins.
Guinea pigs immunized with iodine exhibited a DTH reaction when intradermally injected with iodine, or with viable iodinated PECs (data not shown). Furthermore, the activity of these PECs in eliciting a DTH skin reaction was exactly the same as that of fixed and then iodinated PECs; thus we believe that no intracellular processing of antigen was necessary before the presentation of antigenic determinant on MHC class II molecules. Other examples of T cell immune response to haptens using fixed cells were reviewed (Weltzien et al., 1996) .
Some iodine containing organic medicines elevate iodide blood concentration. For instances, the average iodide concentrations of 2.2 and 1.7 µg/ml in blood were attained at clinical doses of amebacides, i.e. Diodoquin and Vioform, respectively (David et al., 1944) . Most iodine-containing contrast media are contaminated with inorganic iodide, (I − ), at concentrations in the order of ppm. Inorganic iodide does not, by itself, bind to proteins. Inorganic iodide, however, may be converted into free iodine (I 2 ), through the oxidative action of UV light or X-rays, as shown in Fig.1 and Table 3 , or of reactive oxygens produced by activated phagocytes in vivo (Halliwell, 1994) . Endothelial cells of the blood vessel, where iodinated contrast media are infused, also produce nitric oxide (Halliwell, 1994) . All organic carbon-iodine bonds undergo cleavage by photo-lysis and liberate iodide ion, I
− (Hoey and Smith, 1984) . The liberated I − may also be oxidized to I 2 by reactive oxygens.
In our experiments, reducing agents inhibited protein iodination in vitro, demonstrating the involvement of an oxidative process. It has been reported that protein iodination can be prevented in mice by the administration of vitamin C (Nilson et al., 1987) . Therefore, it is noteworthy that iodine allergy of the present hypothesis is dependent on reactive oxygens.
Other agents which inhibited protein iodination in vitro were tyrosine and meglumine. Meglumine salts of ionic contrast media almost completely inhibited protein iodination (data not shown).
It has been clinically indicated that iodine allergy is cross-sensitive, i.e., a person allergic to iodine is also allergic to numerous iodine-containing compounds. However, the immunological recognition of anti-iodine antibody is highly specific in the animal model of iodine allergy, as shown in the previous report (Shionoya et al., 2004) . This apparent anomaly that iodine allergy is cross-sensitive in humans and immunologically specific in animals may be explained if protein iodination is hypothesized to be induced by various iodine-containing chemicals through metabolic degradation, photo-lysis and oxidation in vivo. Accordingly, some of the mechanisms of iodine allergy are classified as photo-allergy. Castelain and Piriou reported a case of photosensitization eczema with a positive erythrosine test (Castelain and Piriou, 1978) .
As far as iodine-containing contrast media are concerned, they are usually contaminated with iodide ion at concentrations of 1 ppm and above. Therefore, the maximum amount of iodinated protein produced from the contaminant can be calculated, from the results shown in Table 1 , as 1/38.1×1000 µg = 26.2 µg from 1 ml of contrast media, assuming 1 ppm of the contaminant.
The dose of iodinated protein antigen required to cause iodine allergy in humans is unknown. However, Niemeijer reported that the optimum concentration of house-dust mite for intracutaneous testing was 1.5 to 15 ng/ml (Niemeijer et al., 1993) . Bernstein reported that 5 out of 19 workers sensitive to a detergent enzyme, Alcalase, showed positive skin prick testing at as little a concentration as 3 ng/ml (Bernstein et al., 1994) . As for iodinated protein generation by X-ray irradiation, as shown in Fig. 2 and Table 4 , X-ray doses used to generate iodinated protein were 300 to 60,000 R. These X-ray doses were required to reach the detection level of iodinated protein in ELISA. However, since there is a linear relationship between iodinated protein generation and X-ray dose as shown in Fig. 2 , it may therefore be reasonable to calculate the amount of iodinated protein generation per R of X-ray irradiation as shown in the right column of Table 4 . The amounts of iodinated protein generated in the presence of iodocontrast media were 0.18 to 1.2 ng/ml per R.
Clinical radiation doses to a patient undergoing computed tomography (CT) for the investigation of renal colic was reported as an average effective dose of 4.7 mSv (Denton et al., 1999) . Assuming a clinical dose of iodocontrast media is 100 ml for CT and 1R of X-ray irradiation is equivalent to 10 mSv, iodinated protein generation of 0.18 to 1.2 ng/ml per R in vitro corresponds to 16.92 ng to 112.8 ng/100 ml of iodocontrast media in vivo. Therefore, it can be said that amounts of iodinated protein generated by one R X-ray irradiation in vitro seems to be very near the range for effective eliciting antigen concentration.
UV irradiation experiments of potassium iodide, sodium iotalamate and iohexol showed molecular iodine generation from inorganic as well as organic iodine containing chemicals. Molecular iodine formation from the iodide ion demonstrates an oxidative activity of UV light. Efficient molecular iodine formation from ionic contrast medium iotalamate compared with that of nonionic contrast medium iohexol suggested a high photolysis susceptibility of ionic contrast medium.
Concerning the rates of iodinated protein generation by X-ray irradiation of iodinated contrast media, the rate of non-ionic contrast medium iohexol was onesixth of that of ionic contrast medium sodium iotalamate, as shown in Table 4 . This and the aforementioned difference in UV light photolysis sensitivity may be related to the finding that deiodination by autoclaving of non-ionic radiopaque media is extremely slow compared with that of ionic radiopaque media (Yu-Chang, 1980) . It is well known that the incidence of adverse drug reactions (ADRs) to iodinated contrast media is low in non-ionic contrast media comparing with those to ionic ones. Wolf et al. reported that the overall incidences of ADRs in patients receiving iohexol and ionic contrast media were 0.69% and 4.17%, respectively, the ratio being 1 to 6 (Wolf et al., 1989) . Katayama et al. reported that severe ADRs occurred in 0.04% of the nonionic contrast media and 0.22% of ionic ones, respectively, the ratio being 1 to 5.5 (Katayama et al., 1990) . Mikkonen et al. reported that the late adverse skin reactions to iodinated contrast media that occurred on sun-exposed areas of the body and 46% of the skin reactions occurred during May to June, when global radiation is high in Finland, and concluded that there is a seasonal variation in skin reactions after intravascular injection of iodinated contrast media, and the possible photosensitizing effect of iodinated contrast media should be studied (Mikkonen et al., 2000) . The abovementioned clinical findings may reflect the results that the nonionic iodocontrast medium iohexol generated lower amounts of molecular iodine and iodinated protein comparing with those of the ionic contrast medium, sodium iotalamate by photo-energy as shown in Tables 3 and 4 . The items discussed above are deduced from an animal model of iodine allergy and in vitro experiments using antibodies to diiodophenyl moiety of diiodotyrosine. Further experiments investigating human antibodies to iodinated self-protein and formation of iodinated self-protein antigens in vivo in animals and especially in humans are required.
